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The  avian  inﬂuenza  A  virus  causes  respiratory  infections  in  animal  species.  It can  undergo  genomic
recombination  with  newly  obtained  genetic  material  through  an  interspecies  transmission.  However,
the  process  is an  unpredictable  event,  making  it difﬁcult  to predict  the emergence  of  a new pandemic
virus  and  distinguish  its origin,  especially  when  the  virus is the  result  of  multiple  infections.  Therefore,
identifying  a novel  inﬂuenza  is  entirely  dependent  on  sequencing  its whole  genome.  Occasionally,  how-
ever,  it can  be time-consuming,  costly,  and  labor-intensive  when  sequencing  many  inﬂuenza  viruses.
To  compensate  for  the  difﬁculty,  we  developed  a  rapid,  cost-effective,  and  simple  multiplex  RT-PCR  to
identify  the viral  genomic  segments.  As  an  example  to evaluate  its  performance,  H3N8 equine  inﬂuenza
virus  (EIV)  was  studied  for  the purpose.  In developing  this  protocol  to  amplify  the  EIV eight-segments,  a
series  of processes,  including  phylogenetic  analysis  based  on different  inﬂuenza  hosts,  in silico  analyses  to
estimate  primer  speciﬁcity,  coverage,  and  variation  scores,  and  investigation  of  host-speciﬁc  amino  acids,
were progressively  conducted  to  reduce  or  eliminate  the  negative  factors  that  might  affect  PCR  ampli-
ﬁcation.  Selectively,  EIV speciﬁc  primers  were  synthesized  with  dual  priming  oligonucleotides  (DPO)
system  to increase  primer  speciﬁcity.  As  a result,  16 primer  pairs  were  selected  to  screen  the  dominantly
circulating  H3N8  EIV 8 genome  segments:  PA  (3), PB2 (1),  PA  (3),  NP  (3), NA8 (2),  HA3 (1), NS  (1),  and  M
(2). The  diagnostic  performance  of  the  primers  was  evaluated  with  eight  sets composing  of four  segment
combinations  using  viral  samples  from  various  inﬂuenza  hosts.  The  PCR  results  suggest  that  the multiplex
RT-PCR  has a  wide  range  of  applications  in  detection  and  diagnosis  of  newly  emerging  EIVs. Further,  the
proposed  procedures  of  designing  multiplex  primers  are  expected  to be  used  for detecting  other  animal
inﬂuenza  A  viruses.
©  2015  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
The avian inﬂuenza A virus (AIV) causes respiratory infec-
ions in animal species and evolve rapidly to adapt to new hosts
ia molecular changes caused by genetic variation (i.e., anti-
enic drifts like point mutations or antigenic shifts known as
enetic reassortment) (Medina and Garcia-Sastre, 2011; Nelson
nd Holmes, 2007) and fast replication without proofreading activ-
ty (Ishihama et al., 1986). The AIV has eight single-stranded
egative-sense RNA genomes encoding eight proteins: six internal
roteins are composed of polymerase (PB1, PB2, PA), nucleopro-
ein (NP), matrix protein (M), and nonstructural protein (NS), and
wo external proteins named as the antigenic surface proteins are
∗ Corresponding author. Tel.: +82 31 467 1781; fax: +82 31 467 1797.
E-mail address: songjysong@korea.kr (J.-Y. Song).
ttp://dx.doi.org/10.1016/j.jviromet.2015.11.012
166-0934/© 2015 The Authors. Published by Elsevier B.V. This is an open access article 
/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
hemagglutinin (HA) and neuraminidase (NA) (Medina and Garcia-
Sastre, 2011; Naffakh et al., 2008; Nelson and Holmes, 2007; Ozawa
and Kawaoka, 2013). Among them, HA and NA have been widely
used in inﬂuenza subtype classiﬁcation because of the diversity
in the host immune response (Naffakh et al., 2008; Nelson and
Holmes, 2007; Ozawa and Kawaoka, 2013). Up  to this day, more
than 100 AIV subtypes have been classiﬁed by the unique combi-
nations of the different 16 HA and 9 NA types (Medina and Garcia-
Sastre, 2011; Nelson and Holmes, 2007). However, four of the
subtypes (e.g., H1N1, H1N2, H3N2, and H3N8) have been known to
be widely distributed among humans, swine, canines, and equines
all over the world (Fouchier, 2003; Ozawa and Kawaoka, 2013).
In general, the severity of an epidemic or pandemic outbreak
of AIV is mainly determined by the new recombination of the
eight segments through co-infections from different hosts or during
interspecies transmission (Fouchier, 2003; Medina and Garcia-
Sastre, 2011; Nelson and Holmes, 2007; Neumann et al., 2009;
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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zawa and Kawaoka, 2013; Smith et al., 2009; Tang et al., 2010).
iven that reassortment occurs by continual shifts of the inﬂuenza
enomic segments, novel inﬂuenza viruses are likely to be created
ot only from different subtypes but also from different groups
f inﬂuenza viruses in the same subtypes circulating at any given
ime and place. Therefore, identifying a novel inﬂuenza is entirely
ependent on sequencing its whole genome. Occasionally, how-
ver, it can be time-consuming, costly, and labor-intensive when
equencing many inﬂuenza viruses.
To date, various experimental methods to detect AIVs and iden-
ify the origin of reasserted viruses have been developed, including:
estriction fragment length polymorphism (RFLP) (Sakamoto
t al., 1996), heteroduplex mobility assays (HMA) (Berinstein
t al., 2002; Ellis and Zambon, 2001), single-strand conforma-
ion polymorphism (SSCP) (Lugovtsev et al., 2005), high resolution
elting analysis (HRM) (Kalthoff et al., 2013; Lee et al., 2011;
in et al., 2008), reverse transcriptase-PCR (RT-PCR) (Chang
t al., 2008; Hoffmann et al., 2001), real-time RT-PCR (RRT-PCR)
Poon et al., 2010; Spackman et al., 2002; Stone et al., 2004),
ligonucleotide microarray hybridization (Sengupta et al., 2003),
T-PCR/electrospray ionization mass spectrometry (RT-PCR/ESI-
S)  (Deyde et al., 2010; Sampath et al., 2007), dual priming
ligonucleotides (DPO) (Chun et al., 2007) and the recent pyrose-
uencing technique (Shcherbik et al., 2014). Among them, RT-PCR
as been the preferred universal method for large-scale screening
f AIVs, as it is a fast, convenient and relatively inexpensive molecu-
ar diagnostic approach. In particular, the DPO system composed of
wo separate priming regions – a 5′ conserved (18–25 nt) region and
 3′ speciﬁc (6–12 nt) region connected by a poly-deoxyinosine (I)
tretch – shows especially high sensitivity in detecting SNPs (single
ucleotide polymorphisms) (Chun et al., 2007). It is also advanta-
eous when doing multiplex PCR due to its different functionalities
ormed by the bubble-like structure of the poly (I) linker, leading to
ifferential annealing preferences (Chun et al., 2007). Thus, DPOs
re widely used to monitor and diagnose viral infections (Chun
t al., 2007; Chung et al., 2014; Kim et al., 2008; Kwon et al., 2014;
oon et al., 2010; Woo  et al., 2008).
Hence, we developed a highly sensitive and speciﬁc multi-
lex RT-PCR assay using DPO system for the effective detection
f inﬂuenza viral segments as a rapid, cost-effective, and sim-
le method. For the purpose, H3N8 equine inﬂuenza virus (EIV),
hich is dominantly circulating in horses since its ﬁrst isolation in
963 (Fouchier, 2003; Ozawa and Kawaoka, 2013), was used as an
xample among other mammalian inﬂuenza viruses. To design EIV
peciﬁc primers, speciﬁcity, coverage, and variation score of each
rimer, and host-speciﬁc amino acid residues were investigated,
nd then the primer performance were evaluated by multiplex RT-
CR with eight sets, which are composed of four different primer
ombinations of eight segments, using viral samples from various
nﬂuenza hosts.
. Material and methods
.1. Inﬂuenza A virus datasets and sequence alignment
To deﬁne EIV-speciﬁc lineage group among AIV lineages, we
erformed the phylogenetic analysis using a subset of genomic
egments corresponding to Xu et al. (2011) datasets, which were
ecently used in a comprehensive analysis of the NP segment for the
tudy of host lineages, and more recent datasets including canine
nd equine inﬂuenza virus (CIV and EIV) and animal inﬂuenza
iruses isolated from South Korea. The viral sequences were down-
oaded from the NIAID IRD (inﬂuenza research database) through
he website http://www.ﬂudb.org (Squires et al., 2012). Duplicates,
aboratory strains, sequences with too many missing nucleotides,ethods 228 (2016) 114–122 115
and a singleton with insertion or deletion were manually inspected
and removed after MAFFT v.7.0 (Katoh and Standley, 2013) align-
ment implemented at http://mafft.cbrc.jp/alignment/server using
the FFT-NS-2 strategy and default parameters. The ﬁnal dataset
consisted of 696 sequences for each segment and then utilized
in primer design and phylogenetic studies to investigate the lin-
eage patterns. The host composition was the follows: human (254),
swine (157), equine (74), canine (32), feline (2), and avian (177) (for
sequence information, see Appendix Fig. 1).
2.2. Phylogenetic analyses to deﬁne lineage group
Before the phylogenetic analyses, models test implemented in
jModelTest v2.1.6 (Darriba et al., 2012) was  conducted to inves-
tigate the most appropriate DNA substitution model among the
88 candidate models for each segment based on a ﬁxed BioNJ-JC
tree, under the Akaike Information Criterion (AIC). As a result, the
general time reversible (GTR) with a gamma  distribution of rates
among sites (G) was applied for the best substitution model for
all analyses. Maximum likelihood (ML) phylogenetic trees were
inferred for each segment using raxmlGUI v.1.3, which includes the
executable ﬁles of RAxML v.7.4.2 (Silvestro and Michalak, 2011;
Stamatakis, 2006). For the robustness of individual nodes on the
phylogeny, a bootstrap resampling process (100 replications) was
used and then summarized with 50% majority rule consensus trees
computed by the SumTrees script implemented in DendroPyv.3.3.1
(Sukumaran and Holder, 2010). In all analyses, the sequence of
A/equine/Prague/1/56 (H7N7) served as an outgroup because it was
found to be the closest to the inﬂuenza B virus as a pre-divergent
lineage in NP and PB2 (Gorman et al., 1991; Gorman et al., 1990);
otherwise, the most distant group was  used for the outgroup (e.g.,
Avian lineage in NS segment).
Phylogenetic analyses of internal protein genome segments
showed multiple lineages, and phylogenetic relationship patterns
of each segment were not consistent (Fig. 1; HA and NA are not
shown in this study). In particular, avian lineages were separated
into multiple groups according to geographic regions and routes
of interspecies transmission. On the contrary, mammalian host lin-
eages such as human, swine, canine, and equine were well resolved
in each segment, with more than 99% bootstrap values. The major
lineage groups discovered in this study were consistent with those
previously described in dos Reis et al. (2011), Gorman et al. (1990,
1991), Taubenberger et al. (2005) and Xu et al. (2011) as follows:
(1) Four host-speciﬁc lineages: human (seasonal H1N1, H3N2: HM),
swine (North American classical swine: CS), equine (H3N8: EQ),
and avian; (2) Four cross-host lineages: Eurasian avian-like swine
(EA), North American triple reassortant swine (TR), swine-origin
pandemic 2009 (H1N1: P), and Asian avian-like canine (H3N2: CA).
However, phylogenetic relationships among lineages were more
complex due to multiple reassortment events (Neumann et al.,
2009; Smith et al., 2009; Tang et al., 2010).
For example, North American triple reassortment swine (TR)
and the pH1N1 lineage were closely related because swine TR was
served as an origin of pH1N1, except NA and M segments, which
were from swine EA (Neumann et al., 2009; Tang et al., 2010)
(Fig. 1). Accordingly, both were clustered to the same group in
PB2, PB1, PA, NP, and NS. Human H3N2 was grouped with the
TR/pH1N1lineage in PB1, whereas classical swine (CS) was clus-
tered with the TR/pH1N1 lineage in NP and NS. In those cases,
host-speciﬁc boundaries that subdivided the lineages could not be
precisely determined due to a high degree of homology.
For more accurate analysis, pairwise genetic distances under
Kimura-2-parameter (K2P) corrections were estimated using
MEGA 5.2 (Tamura et al., 2011) to calculate the sequence
divergences between lineages. According to the results, average
distances between lineages were more than 10%. However, human
116 E. Lee et al. / Journal of Virological Methods 228 (2016) 114–122
Fig. 1. Inferred maximum-likelihood phylogenetic trees of the internal segments (each of the 696 sequences) of inﬂuenza A virus rooted by A/equine/Prague/1/56 (H7N7)
and  a avian group (NS). Each lineage is presented by branch colors: for hosts – human (periwinkle; HM), classical swine (orange; CS), avian (black; AV), and equine (blue;
EQ);  for cross-host lineages – Eurasian avian-like swine (green; EU), pandemic 2009 (red; P), North American triple reassortant swine (magenta; TR) and Asian avian-like
canine  (cyan; CA). The horizontal line represents a branch length corresponding to 0.9 (PB2), 2.0 (PB1), 0.8 (PA), 0.6 (NP), 0.06 (M), and 0.07 (NS) in a clockwise direction.
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ersion of this article.)
3H2, swine TR, and pH1N1 showed a high afﬁnity in PB1with
.8%, and similar values were also observed between swine TR and
H1N1 lineages of PB2 and PA, with 2.1% and 2.0%, respectively.
n the other hand, two separate groups, swine TR-CS and pH1N1-
wine EA showed 5.0% and 5.1% genetic distances in the M segment.
ess than 5% genetic values were also found in the TR-P lineage
roups of NS and NP. Because of this, each distinct lineage group
as redeﬁned for the EIV-speciﬁc primer design. The bars in Fig. 1
ndicate the close relationships between lineages (for more detailed
hylogenetic results, see Appendix Fig. 1).
.3. EIV-speciﬁc primer design using primers4clades and
Pprimer
Based on the above mentioned rationale, primers4clades
Contreras-Moreira et al., 2009), which is based on the CODEHOP
Consensus Degenerate HybridOligo-nucleotide Primer) primer
esign strategy (Rose, 2005; Rose et al., 1998) of designing primers
ased on clades, was used to design EIV-speciﬁc primers among
omplex lineage groups. However, due to the limited number of
nput sequences for the analysis, representative inﬂuenza viral
equences isolated at different years in various continents and con-
ensus sequences from each distinct lineage were used to generate
andidate primer sets. Using the program, the sequences were ana-
yzed under the cluster sequences (i.e., advanced mode) with some
arameter changes (i.e., a suitable Tm (55 ◦C) for the consensus
lamp, GTR + G model, and 250–750 amplicons) to ﬁnd optimized
rimers and PCR regions. Additionally, to design four multiplex PCR
rimer sets, MPprimer (Shen et al., 2010) was employed to search
ppropriate PCR regions and primer sets for each segment. Results
btained from both applications were investigated in complement
o each other, and overlapping or similar PCR regions and primer
ets were selected.on of the references to color in this ﬁgure legend, the reader is referred to the web
2.4. Primer validation in silico analyses
Because inﬂuenza viral sequences have high similarities, espe-
cially in highly conserved regions (i.e., >90%) or functional motifs
(i.e., nearly 100%) (ElHefnawi et al., 2011), the possibility of cross-
reactivity among different hosts should be considered. Thus, to
estimate the speciﬁcity and coverage of candidate primer pairs, two
approaches were employed: BLAST in NCBI (Altschul et al., 1990) at
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST
PROGRAMS=megaBlast&PAGE TYPE=BlastSearch and fuzznuc in
Jemboss (Carver and Bleasby, 2003). BLAST was used to predict
primer targets to the massive GenBank database, and fuzznuc was
used to calculate the number of matches in a given alignment
sequence (i.e., 696 sequences per segment) by a primer pair,
depending on mismatches.
For the local alignment BLAST search, the following procedures
were performed (DECODED Newsletter, 2014): (1) the two  primer
sequences were concatenated into one sequence separated by ‘20
Ns’; (2) the ‘others’ nucleotide collection (nr/nt) database was
selected; (3) the program used was  ‘somewhat similar sequences’
(blastn); (4) the following algorithm parameters were chosen:
word size 15, expect threshold 1000, and turn off the low com-
plexity ﬁlter; and (5) the maximum number of target sequences
was set at 500. The hit lists were further resorted by total scores
in descending order. In the lists, primer pairs showing high afﬁnity
with non-target sequences and inadequate coverage (i.e.,  >0.01E-
value, or ≤90% identity score) were manually removed. When only
one side of the primer pairs correctly hit target sequences (i.e.,
≤40% query cover and ≤50 total scores), the candidate primers were
selectively eliminated depending on result scores.By applying fuzznuc to a given sequence alignment of each seg-
ment, the mismatching evaluation was performed using regular
expression syntax (e.g., forward sequence-n (interval length-1)-
reverse sequence) with 0, 1, 2, and 3 mismatches, and then the
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umber of matches of sequences was counted using an inter-
ctive execution mode. In the process, if more than 90% of the
IV sequences were retrieved by three mismatches, the candidate
rimer pair was considered for RT-PCR tests.
.5. Variation scores and host-speciﬁc amino acid residues in
rimer sequences
One of the concerns of designing primers targeting the AIV
s unexpected point mutations, which could cause non-speciﬁc
CR ampliﬁcation (i.e., false positives or negatives) and reduce
ensitivity. Thus, the degree of variation at each nucleotide was
urther investigated; this process was conducted through the Ana-
yze Sequence Variation (SNP) analysis of IRD using 80 H3N8 EIV
nd CIV sequences. In this approach, the least polymorphic (con-
erved) site was scored as 0, whereas the most variable site was
arked as 200 (i.e., four nucleotides with 25% frequency each)
Squires et al., 2012). Further, to characterize the properties of each
rimer sequence, annotations of the functional domains for the
ost-speciﬁc signatures were investigated through recent studies:
u et al. (2014), Naffakh et al. (2008), and Chen et al. (2006).
.6. Inﬂuenza A viruses for the empirical test and multiplex
T-PCR
For the empirical RT-PCR tests for the selected primer sets, the
ollowing 46 viral samples, which cover a wide range of periods and
eographical regions, were prepared: 16 avian (H1–H16), 9 human,
 swine, 9 equine, and 4 canine inﬂuenza viruses (for virus infor-
ation, see Appendix Table 1). For the test, the 46 reference viruses
ere propagated in10-day-old embryo speciﬁc pathogen free (SPF)
hicken eggs (VALO, Maryland, USA), and three days after, their
llantoic ﬂuid was harvested. RNA extraction was  carried out man-
ally from the allantoic ﬂuids using an RNeasy Mini Kit (Qiagen,
alencia, California, USA) according to the manufacturer instruc-
ions.
The RT-PCR assays were performed with a commercial kit
n a one-step protocol, AccuPower® RocketPlex RT-PCR PreMix
Bioneer Corp., South Korea). It was performed in a 20 L volume,
n which the reaction mixture contained 3–4 L of RNAs, 3–4 L of
ultiple primer mixturepairs(each 10 pmol/L) and 12–14 L of
Nase-Free Water (Welgene, South Korea). Each RT-PCR was car-
ied out in a Biometra T3000 thermal cycler (Biometra, Westburg,
etherlands). The reaction temperature and time for the reverse
ranscription phase was set at 50 ◦C for 30 min. Sequentially, PCR
ycling protocols consisted of initial denaturing at 95 ◦C for 5 min;
0 cycles of denaturing at 95 ◦C for 30 s and annealing at 55 ◦C for
0 s, followed by an extension at 72 ◦C for 30 s; and a ﬁnal exten-
ion step at 72 ◦C for 5 min. PCR products were run in a 1 ∼ 1.5%
eaKem LE agarose gel (Lonza, Rockland ME,  USA) and stained with
edSafeTM Nucleic Acid Staining Solution (20,000x, iNtRon Biotech-
ology, Seongnam, South Korea) in 0.5X TAE buffer.
The diagnostic performance of the primers was evaluated with
ach primer pair and eight sets amplifying four segment combina-
ions using the prepared viral samples. The speciﬁcity of the RT-PCR
as evaluated by examining the ampliﬁed product sizes of the EIV
enome segments (Table 1).
. Results
.1. Primer validation using BLAST and fuzznucIn general, from 4 to 26 PCR regions with primer candidates
amed as 100% quality were generated from the distinct lineage
roups of each segment through primers4clades. Overall, mostethods 228 (2016) 114–122 117
primers contained from one to six degenerate codes to encom-
pass the nucleotide variability and overlapped the PCR regions with
minor differences in the nucleotides. To reduce the possibility of
cross-reactivity between hosts, the coverage and matching percent
of EIV-speciﬁc primer pairs were evaluated by using BLAST and fuz-
znuc. As a result, 16 primer pairs tolerating up to six degenerate
codes were selected to screen the dominantly circulating H3N8 EIV
genome segments: PA (3), PB2(1), PA(3), NP (3), NA8 (2), HA3 (1),
NS(1), and M(2). The primer list and analysis results are described
in Table 1. Of 16 primer pairs, M segment primers were selected for
the detection of all inﬂuenza viruses.
3.2. Variation scores and host-speciﬁc amino acid residues in
primer sequences
The variation scores of each site of each primer pair are plotted
in bar graphs to estimate potential point mutations and stabil-
ity (see Appendix Fig. 2; Fig. 2). According to results, the scores
from most EIV-speciﬁc primers were less than 40 at each posi-
tion and the highest score was observed at 591 in PB2 (4) and at
531 in PA (5) with 99. If considering the highly polymorphic score
is 200, it is shown that the variation ranges described above do
not signiﬁcantly affect for PCR ampliﬁcation. Besides, most primer
sequences from ribonucleoprotein (RNP) complex (i.e.,  NP with
polymerase segments) were related to host-speciﬁc amino acid
resides reported in previous studies (dos Reis et al., 2011; Hu et al.,
2014; Taubenberger et al., 2005): 179 and 645 in PB1; 627 in PB2;
241 and 382 in PA; 16, 343, 344, and 442 in NP (Appendix Fig. 2).
Notably, the host-associated sites were located within known func-
tional regions related to RNP–RNP interactions (e.g., RNA binding,
NP-PB2 or NP-PB1) that are necessary for viral replication, proteo-
lysis, or nuclear localization signaling. Fig. 2 shows the selected
primer information corresponding to SET8, which detects HA3,
NA8, PB1, and PA segments.
3.3. Empirical multiplex RT-PCR tests
Both RT-PCR with each individual primer pair and multiplex RT-
PCR with four primer pairs were independently tested using 46
inﬂuenza viral samples. In singlexplex RT-PCR assays, it was found
that several conventional primers with multiple degenerate codes
are likely to tolerate mismatches, leading to co-ampliﬁcation with
other lineage groups (data not shown). To alleviate the problem,
four primer pairs named as 3(PB2), 4 (PB2), 7(PA), and 9(NP) were
manually modiﬁed to apply the DPO system (Table 1).
After the validation of each primer pair, multiplex RT-
PCR tests were performed with four possible combinations of
eight segments. The segment combinations are as follows: (1)
PB2 + PA + PB1 + M;  (2) NP + PB2 + PB1 + PA; (3) NP + PB2 + PA + PB1;
(4) PB2 + PB1 + NA8 + M;  (5) NP + PB1 + NA8 + HA3; (6)
PA + NS + PB1 + M;  (7) PB2 + NA8 + NP + M;  (8) PA + NA8 + PB1 + HA3.
Seven viral samples from distinct lineage groups were selected
for multiplex RT-PCR using the eight sets. During the tests, the
seven viral samples were replaced with different viruses in the
same lineages. The PCR results are presented in Fig. 3 (PCR results
using 46 samples are available on request). In Fig. 3, M segment
(15: 211 bp, 16: 180 bp) of all inﬂuenza viruses were successfully
ampliﬁed with other primers in SET 1, 4, 6, and 7. Also, the four
segment ampliﬁcations in SET 2, 4, 5, and 8 were appreciably
observed without cross-reactivity with other inﬂuenza hosts.
Due to the limited number of inﬂuenza virus samples, primer
sensitivity and speciﬁcity could not be fully evaluated. However,
through comparison of the in silico and in vitro results, multiplex
RT-PCR results with candidate primers could be estimated, and in
most cases their results were consistent.
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Table 1
Properties of EIV-speciﬁc primers and their coverage for the equine lineage in each segment.
Gene No Primer sequencesa Pos.b Sizec (bp) BLASTd Mismatches (%)e
Max  score Total score Query cover (%) E-value Ident. (%) 0 1 2 3
PB1 1 F: TCATGGAGTCCATGAAYAAGGAAGAAAT
R:TRCTCAACATGTTGAACATYCCCATCATCA
509–536
1220-1249
740 50.0 98.2 74 0.004 93 94 100 100 100
2  F: TTCCTCAAAGATGTCATGGAGTCCATGAAC
R: GATTGTTCAAGCTTTTCACATATTCTTCGG
496–525
777–806
310 55.4 110 75 1e − 04 100 68 91 96 99
3  F: CCACGGCACAAATGGCACTCCA
R:GGGCCATGYGCAGGCATYACT IIIII ACTGTTSRCT
(TACTGC)
1625–1646
1917–1952
327 60.8 101 74 2e − 06 97 79 98 100(1) 100(1)
PB2  4 F: GCAGCAATGGGGTTGAGAATTAGCTCATCA
R: CTGTTCCGGAGGAGCAGCGGCA IIIII GAGGAGTT
(AAAGG)
937–966
1850–1884
947 64.4 110 76 2e − 07 100 30 85 95 96
PA 5  F: GRCTATTCACYATAAGACAAGAAATGG
R: AYTGATGTCTTTACAATCCTCAAAATC
521–547
1138–1164
643 50.0 94.5 72 0.004 100 59 98 100 100
6  F: GATTGTAAAGACATCAGTGATTTGAAACAG
R:TCTGTTGCTCTACAATGGGAAACCTCAGCA
1147–1176
1341–1370
223 55.4 110 75 1e − 04 100 28 60 88 93
7  F: TATGCACYCACTTGGAAGTCTGC IIIII GTACTCGGA
(TTCAT)
R: ACTCTCAATGCAGCCGTTCGGTTYGAA IIIII
CCACATAGRC (TCCAT)
113–149
691–732
619 77.0 145 79 4e − 11 100 33 54 88 94
NP 8  F: AAGAAAACGGGAGGCCCGATA
R: ATGATTTCCGTTCTCATGTCGGAAGTCCTC
268–288
1305–1334
1066 55.4 94.5 71 8e − 05 100 78 93 98 100
9  F: ACCAAACGAYCYTATGARCARATGGAAACYGRTG
R: ATGATTTCCGTTCTCATGTCGGAAGTCCTC
16–49
1305–1334
1318 55.4 55.4 35 1e − 04 100 95 100 100 100(2)
10  F: AGCATTTGARGACMTGAGA IIIIII AATTTCATTA
(GTTTTG)
R: ATGATTTCCGTTCTCATGTCGGAAGTCCTC
1008–1042
1305–1334
326 64.4 119 76 2e − 07 100 54 83 93 98
NA8 11  F: TGTGTGCTGGCATTCCCACTGACACTCCTA
R: TCACAATGGAGCTGCTAGAGGTCCATATTG
944–973
1304–1333
389 55.4 105 75 1e − 04 100 88 100 100 100
12  F: CRTATGCAGGGAYAAYTGGACTGG
R: CTRATCATTTCAACCCAGAAACA
864–887
1261–1283
419 39.2 39.2 34 5.5 96 94 100 100 100
HA3  13 F: TAGACCTATGGTCCTACAATGCAGAATTGC
R: ATATGTCCCATTTCTTATTGATCCAATGCA
1298–1327
1474–1503
205 55.4 110 75 1e − 04 100 49 66 86 88
NS  14 F: AAAGCAAACTTTAGTGTGATTTTCGAAAGG
R: CATAAATGTTATTTGTTCAAAACTATTTTC
391–420
743–772
381 55.4 110 75 1e − 04 100 85 98 100 100(1)
M* 15 F: TAACCGAGGTCGAAACGTATGTTCTCTCTA
R: CAGTCCTCGCTCACTGGGCACGGTGAGCGT
11–40
193–222
211 55.4 110 75 1e − 04 100 17 53 98 100
16  F: CATTGGGATCTTGCACTTGATATTGTGGAT
R: GACAAAATGACCATCGTCAACATCCACAGC
784–813
935–964
180 55.4 110 75 1e − 04 100 32 70 85 96
a Sequences are given in the 5′ to 3′ direction, IUPAC characters are used: degenerate codes = R, Y, S, M (in bold italics) and I = Inosine (in bold). The nucleotides in parentheses correspond to Inosine.
b Nucleotide positions (Pos.) are relative to A/equine/Miami/1/1963 (H3N8): PB2(GenBank Accession #: CY028843), PB1(CY028842), PA(CY028841), HA(CY028836), NP(CY028839), NA (CY028838), M (CY028837), and NS
(CY028840).
c Size denotes PCR ampliﬁcation products.
d BLAST search results (as of July 2015). The values were from the top of the lists by sorting the total scores in descending order.
e Data indicate primer binding percent of EIV (80 sequences) to all inﬂuenza sequences (696 sequences) in each segment, depending on 0, 1, 2, and 3 mismatches allowed. The percentage was  rounded to the nearest tenth.
The  number in parentheses denotes the number of avian inﬂuenza sequences showing cross-reactivity with EIV.
* M primers were tested as common primers to bind all inﬂuenza viral sequences (696).
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Fig. 2. Selected bar graphs with variation scores at each site of primer sequences from SET 8: from 0 (conserved) to 200 (highly variable) at Y-axis and the nucleotide position
a graph
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eferences and the numbers correspond to the positions of amino acid resides (mor
n  this ﬁgure legend, the reader is referred to the web version of this article.)
. Discussion
Even though the mechanisms of genomic reassortment in
IVs remain unknown and the analysis of an entire genome is a
ime-consuming process, identiﬁcation and monitoring of newly
merging inﬂuenza virus are critical to detecting the pandemic
otential of AIVs. To this end, we introduced a multiplex RT-PCR
sing a DPO system to identify the inﬂuenza viral segments as a
apid and cost-effective approach. Moreover, since choosing appro-
riate primer regions and sequences is the most important factor
ffecting PCR, we tackled the process of designing EIV-speciﬁc
rimers with various analytical methods. To validate the proce-
ures, H3N8 EIV-speciﬁc primers designed in this study were tested
y in silico and subsequent in vitro experiments.
In this study, most of the EIV-speciﬁc candidate primers through
rimer4clades bound either directly to or near a conserved regions. Green boxes denote the genomic signatures related to host-speciﬁc markers from
iled information, see Appendix Fig. 2). (For interpretation of the references to color
with a few mismatches or several degenerate codes in each seg-
ment. Thus, more concrete steps were required to validate primer
speciﬁcity. For this, BLAST and fuzznuc, functionally complemen-
tary tools to evaluate speciﬁcity in primer binding sites, were
employed. These approaches worked well in most cases, and
they were especially useful for ﬁltering out problematic primers
with degenerate codes by evaluating matches between primer
sequences and target sequences and estimating the cross-reactivity
possibility with other hosts. However, since BLAST treats degener-
ate codes (e.g., Y, R, A, K, M,  etc.) as ‘mismatches’, sequences with
many degenerate codes could be removed at an initial validation
step. In that case, it was  difﬁcult to estimate the exact primer cov-
erage and evaluation scores. For instance, primer sequences with
degenerate codes, 1(PB1), 5(PA), 9(NP), and 12(NA) did not meet the
requirement of satisfying values in the total score, query cover, and
E-value in Table 1. To overcome the limitation, fuzznuc was used
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iig. 3. Selected multiplex RT-PCR results based on primers listed in Table 1. PCR pr
nﬂuenza viral samples from different hosts are listed in the box (more detailed inf
s an alternative and complementary method because it considers
egenerate codes and mismatches using regular expression syntax.
hrough the two processes, we selected ﬁnal 16 primer pairs, which
peciﬁcally bind to equine inﬂuenza virus with less degeneracy.
Frequent point mutations of inﬂuenza virus increase the degen-
racy of primers. To measure the variation at each nucleotide
osition, Analyze Sequence Variation (SNP) analysis was conducted
sing each primer. No primer pairs with highly variable sites (i.e.,
early 200 score) or completely conserved sites with 0 score were
bserved in the primer lists (Appendix Fig. 2; Fig. 2). Four sites with
elatively high variation scores (≥40) existed in number four (NP
orward primer). In particular, PA reverse primer (7) had the major-
ty of variable sites with eight. However, applied DPO system for the size was determined using a 100 bp marker (Bioneer Corp., Deajeon, South Korea).
ion, see Appendix Table 1).
primer increased its speciﬁcity to amplify the PCR region; thus, co-
ampliﬁcations with other hosts were not observed in this study. In
light of the result, it showed that long primer sequences with many
degenerate codes could be effectively controlled by DPO system to
increase primer speciﬁcity.
The efﬁciency of PCR ampliﬁcation for EIV-speciﬁc primers was
assessed using PCR products generated from 46 inﬂuenza A viruses,
which are composed of representatives from each lineage. In the
singleplex RT-PCR assays for each primer pair, some cross reactivity
with other hosts was observed. However, as a strategy to block
nonspeciﬁc binding, the DPO system was effectively utilized in this
study. Especially, the criterion for modiﬁcation into the DPO system
was that the conserved sites must be located in the 3′end of primers.
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hat is because DPO system was sensitive to the changes of the 3′
nd.
Using the characteristics of DPO, some of the candidate primers
ere manually adjusted. After DPO application, we observed
he primer speciﬁcity to target host sequences was dramatically
ncreased. Accordingly, the high speciﬁcity of DPO primers and
everal conventional primers described in Table 1 could be experi-
entally validated by producing apparently unique ampliﬁcations
rom distinct lineages (Fig. 3).
. Conclusion
In this study, we ﬁrst tried to design four multiplex primers
ith four possible combinations of eight segments to detect EIV
sing a multiplex RT-PCR. The candidate primers suggested in this
tudy have been proved to be highly speciﬁc to the target lineage
ith satisfactory analytical results in silico and in vitro. Even though
he current study was limited to detect equine inﬂuenza virus, it is
xpected that the strategies suggested to design and test primers
n this study could be further applied for the detection of other
nﬂuenza A viruses from different hosts. Improving the PCR con-
itions and making more various combinations with two  or three
rimer pairs could be possible depending on the purpose of the
tudies. We expect that the approach could have a wide range of
pplications in monitoring and diagnosing newly emerging EIV.
inally, attempts to test multiplex RT-PCR with more recent viral
amples as well as periodic evaluation to detect any changes in the
rimer binding sites are under way.
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